Separation of Minor Actinides from Lanthanides by Dithiophosphinic Acid Extractants by Peterman, D. R. et al.
This is a preprint of a paper intended for publication in a journal or 
proceedings. Since changes may be made before publication, this 
preprint should not be cited or reproduced without permission of the 
author. This document was prepared as an account of work 
sponsored by an agency of the United States Government. Neither 
the United States Government nor any agency thereof, or any of 
their employees, makes any warranty, expressed or implied, or 
assumes any legal liability or responsibility for any third party’s use, 
or the results of such use, of any information, apparatus, product or 
process disclosed in this report, or represents that its use by such 
third party would not infringe privately owned rights. The views 
expressed in this paper are not necessarily those of the United 
States Government or the sponsoring agency. 
INL/CON-07-13474
PREPRINT
Separation of Minor 
Actinides from 
Lanthanides by 
Dithiophosphinic Acid 
Extractants
ISEC 2008 
D. R. Peterman 
M. R. Greenhalgh 
R. D. Tillotson 
J. R. Klaehn 
M. K. Harrup 
T. A. Luther 
J. D. Law 
L. M. Daniels 
September 2008 
SEPARATION OF MINOR ACTINIDES FROM LANTHANIDES BY 
DITHIOPHOSPHINIC ACID EXTRACTANTS
D. R. Peterman1, M. R. Greenhalgh1, R. D. Tillotson1, J. R. Klaehn1, M. K. Harrup1, T. A. 
Luther1, J. D. Law1, L. M. Daniels2
1Idaho National Laboratory, P. O. Box 1625, Idaho Falls, ID  83415-7113. 2Rigaku
Americas Corp., 9009 New Trails Dr., The Woodlands, TX  77381.  Corresponding 
author email address:  Dean.Peterman@inl.gov 
ABSTRACT
The selective extraction of the minor actinides (Am(III) and Cm(III)) from the lanthanides is an 
important part of advanced reprocessing of spent nuclear fuel.  This separation would allow the 
Am/Cm to be fabricated into targets and recycled to a reactor and the lanthanides to be 
dispositioned.  This separation is difficult to accomplish due to the similarities in the chemical 
properties of the trivalent actinides and lanthanides.  Research efforts at the Idaho National 
Laboratory have identified an innovative synthetic pathway yielding new regiospecific 
dithiophosphinic acid (DPAH) extractants.  The synthesis provides DPAH derivatives that can 
address the issues concerning minor actinide separation and extractant stability.  For this work, 
two new symmetric DPAH extractants have been prepared.  The use of these extractants for the 
separation of minor actinides from lanthanides will be discussed. 
INTRODUCTION
The minor actinides (MA) Am, Cm, and other transplutonium elements represent 
a significant, long-term hazard found in spent nuclear fuel (SNF).  The hazards of the 
MA elements are mainly related to the heat produced by their radioactive decay and the 
inherent radiotoxicity of the MA elements.  The removal of these elements from SNF will 
reduce the overall hazards of the remaining material.  Unfortunately, Am/Cm and Ln ions 
are most stable in the trivalent oxidation state and, as a result, have quite similar chemical 
behavior.  Separation of the MA from the lanthanides is recognized as one of the most 
difficult challenges in separation science. 
   An important approach to the realization of an effective An(III)/Ln(III) separation 
is the incorporation of softer donor atoms (e.g., N or S) into ligands of suitable 
geometries.  It has been argued that increased covalency in the interaction of An(III) with 
the soft donor atom and/or changes in coordination geometries account for these 
effects.[1-6]  While there are many examples in the literature reporting the use of ligands 
incorporating either S[2, 7, 8] or N[9-12] donor atoms for the separation of An(III) from 
Ln(III) species, the largest An(III)/Ln(III) selectivities reported used the 
dialkyldithiophosphinic acid, bis(2,4,4-dimethylpentyl)-dithiophosphinic acid, the active 
component of the commercial extractant Cyanex 301.  Using Cyanex 301, Chen et 
al.[13], reported a separation factor of Am(III) from Eu(III) of ~4700 in nitrate media.  
Recent work at our laboratory has led to the development of a new synthetic pathway 
for the preparation of a more diverse series of dithiophosphinic acid (DPAH) extractants.  
In this work, the extraction behavior of two DPAH derivatives prepared in our laboratory 
will be contrasted.  One of the first DPAH extractants developed (ortho-
trifluoromethylphenyl dithiophosphinic acid, referred to as 1), exhibits significantly 
better separation efficiency and extractant stability relative to commercially available 
examples.[14]  The second DPAH derivative (bis(3,5-bis(trifluoromethyl)phenyl) dithio-
phosphinic acid, referred to as 2), exhibits markedly less separation efficiency (relative to 
1).  This serves to illustrate how a seemingly minor structural variation can have 
significant impacts on the observed extraction behavior.
EXPERIMENTAL 
Materials
The DPAH extractants (see Figure 1 for structures) are prepared according to 
published procedures. [15]  The DPAH derivatives are isolated as the ammonium salt and 
converted to the corresponding acid prior to use.  Extractant purity is verified by 
multinuclear (31P, 19F, 13C, 1H) NMR spectroscopy.  All reagents (HNO3 and NaNO3,
etc.) utilized in these experiments are of reagent grade quality and used as received.  The 
trifluoromethylphenyl sulfone (FS-13) is obtained from Marshallton Research 
Laboratories Inc. (King, NC) and used as received. All aqueous solutions are prepared 
using filtered, high resistivity water (Barnstead Nanopure).  The 241Am, and 244Cm 
radiotracers are obtained from laboratory stocks.  The 152,154Eu radiotracer is obtained 
from Isotope Products Laboratories (Burbank, CA).  Aliquots of these nuclides are 
adjusted to 0.001M HNO3 to ensure no acid interference in the subsequent experiments.   
Figure 1.  Structures of DPAH studied in this work and the diluent.
Radioanalytical Methods 
Distribution ratios for 241Am and 154Eu (DM = [M]org / [M]aq) are measured by 
equilibrium batch contacts between the organic and aqueous phases at an organic-to-
aqueous phase ratio of unity (O/A = 1).  In all experiments, the organic phase is pre-
equilibrated by contacting three times with fresh aqueous containing the appropriate 
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concentration of HNO3 and NaNO3, thus insuring all matrix components are present at 
equilibrium concentrations in the organic phase.  In all radioactive experiments, the 
aqueous phase is of the appropriate HNO3, NaNO3 and stable Eu(NO3)3 concentrations 
spiked with the radionuclides of interest (241Am, 244Cm, 152,154Eu) in trace quantities 
(typically, less than 10-7 M each).  The phases are mixed by vortex for two minutes which 
is sufficient time to ensure equilibrium is attained and separated by centrifugation.
Each separated phase is sampled and the 241Am and 152,154Eu activity determined 
using gamma spectroscopy.  The activity of 244Cm in each phase is determined by 
subtracting the activity due to 241Am (determined by gamma spectroscopy) from the total 
alpha emitter activity in the sample (determined by liquid scintillation).   
Prior to the experimental determination of 244Cm distribution ratios, the liquid 
scintillation counting techniques were developed and validated.  A quench curve was 
determined for the organic phase to correct for any quenching effects caused by FS-13.  
The aqueous phase did not indicate any negative effects from quenching in the liquid 
scintillation counting techniques.
RESULTS AND DISCUSSION 
Acid Dependence of Extraction
 The distribution ratios for the partitioning of Am, Cm, and Eu between a 0.1 M 
solutions of 1 and 2 in FS-13 solvent as a function of varying [HNO3] are shown in 
Figure 2.  The aqueous phases contained 0.001 M Eu(NO3)3 and 1.0 M NaNO3.
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Figure 2.  Nitric acid dependence of the extraction of Am (squares), Cm (triangles), and Eu 
(circles) by 0.1 M 1 (solid markers) and 0.1 M 2 (open markers) in FS-13 solvent.  Aqueous 
phases contain 0.001 M Eu(NO3)3 and 1.0 M NaNO3.  The solid line depicts a slope of m = -3.
 The negative slope (m ~ -3.0) of the Am acid dependence (at acid concentration 
higher than ~0.003 M HNO3) is consistent with an acidic, cation-exchange extraction 
mechanism in which three protons are exchanged to the aqueous phase for each metal 
cation complex formed in the organic phase.  The slope of the Cm acid dependence 
(triangles in Figure 1) is similar to that for the Am.  The apparent plateau that is seen in 
DAm at the lower limit of acidity is not explained at present, but could indicate limits in 
the solubility of 1 in the diluent under high pH conditions or possibly aggregation of the 
extractant under these conditions.  The latter effect is known to reduce selectivity.  The 
significantly different slope in the case of the Eu acid dependence indicates the Eu 
complex has a dramatically different stoichiometry or a fundamentally different 
interaction mode with this extractant.  In fact, the DEu values are likely an “optimistic” 
estimate of very low Eu partitioning in this system. 
 The separation factors (SEuAm) observed for 1 are greater than 105 at a nitric acid 
concentration of [HNO3] = 0.005.  The observed values of SEuAm far exceed those 
previously reported for ligands of this type,[13] including similarly structured reagents.  
The implicit difference in free energy of the phase transfer reaction for Am3+ vs. Eu3+ of 
approximately 28 kJ/mol (?(?G) = -RT ln DAm/DEu) is not readily explained based on 
present understanding of lanthanide-actinide coordination chemistry.  In the case of 
extraction by 2, the acid dependency is strikingly different in that little to no selectivity 
for Am or Cm over Eu is observed. 
Solutions of varying concentrations of the DPAH extractants 1 and 2 in FS-13 
diluent were used to investigate the partitioning of Am, Cm and Eu between the organic 
phase and an aqueous phase containing 0.010 M HNO3.  This acid concentration was 
chosen to minimize the possible impact of the partitioning of the extractant molecule to 
the aqueous phase, which may occur at lower acid concentrations as mentioned above.  
The measured distribution ratios are presented in Figure 3.  The slope (m = 3.0) of the 
DAm and DCm dependence is consistent with the proposed formation of an ML3 complex 
in the organic phase for both 1 and 2 extractants.  The significantly different slope (m = 
1.0) of the best-fit line in the case of the Eu distribution ratios indicates the Eu complex 
has a dramatically different stoichiometry.  
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Figure 3.  The ligand concentration dependence of the extraction of Am (squares), Cm (triangles), 
and Eu (circles) by 1 (solid markers) and 2 (open markers) in FS-13 solvent.  Aqueous phases 
contain 0.001 M Eu(NO3)3 and 1.0 M NaNO3.  The solid line depicts a slope of m = 3. 
 The extraction of Am, Cm, and Eu by 1 was found to be independent of the 
concentration of added NaNO3, as indicated in Figure 4.  This result indicates that nitrate 
ions do not accompany the metal cation into the organic phase, thus confirming that 
cation exchange is the most important mechanism of cation phase transfer.  The lack of a 
salting-out effect indicates that cation/complex/organic solvent hydration effects are 
complex in this system and play an integral role in the apparent separation efficiency.  
The slight dependence of the extraction of Am, Cm, and Eu by 2 is likely due to varying 
extents of Eu(III) complexation by nitrate anion. 
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Figure 4.  The total nitrate concentration dependence of the extraction of Am (squares), Cm (triangles), and 
Eu (circles) by 0.1 M 1 (solid markers) and 0.1 M 2 (open markers) in FS-13 solvent.  Aqueous phases 
contain 0.001 M Eu(NO3)3 and 0.010 M HNO3. The solid lines depict slopes of m = 0 and m = -2, 
respectively.
CONCLUSIONS 
 A novel synthetic pathway to an array of dithiophosphinic acid extractants has 
produced two derivatives which are used to study the selective extraction  of Am and Cm 
from Eu.  These data show that a cation exchange mechanism is operating in these 
complexes and that there are no nitrate ions accompanying the complexes into the 
organic phase.  In the course of this work, two striking features of the behavior of these 
extractants were noted.  First, (for 1) the separation factors for the Am/Eu extraction are 
in excess of 105, much higher than the separation factors for any previously known 
DPAH.  Second, a very minor structural change, moving a –CF3 group over by only one 
carbon remote from the metal coordination site, completely alters the efficiency of the 
An/Ln separation.  Work continues in our labs to better understand the behavior of these 
and other structurally similar DPAH extractants. 
ACKNOWLEDGMENTS 
This work was supported by the United States Department of Energy and the Laboratory 
Directed Research and Development (LDRD) program at the Idaho National Laboratory 
(INL) through contract DE-AC07-05ID14517.
REFERENCES
1. R. M. Diamond, K. Street, and G.T. Seaborg, "An Ion-exchange Study of Possible 
Hybridized 5f Bonding in the Actinides," Journal of the American Chemical Society, 
76(6) 1461-1469 (1954). 
2. M. P. Jensen and A.H. Bond, "Comparison of covalency in the complexes of trivalent 
actinide and lanthanide cations," Journal of the American Chemical Society, 124(33),  
9870-9877 (2002). 
3. T. Mehdoui, J. C. Berther, P. Thuery, M. Ephritikhine, "The distinct affinity of 
cyclopentadienyl ligands towards trivalent uranium over lanthanide ions. Evidence for 
cooperative ligation and back-bonding in the actinide complexes," Dalton Transactions, 
2005(7) 1263-1272 (2005). 
4. M. Miguirditchian, M., D. Guillaneus, D. Guillaumont, P. Moisy, C. Madic, M. P. Jensen, 
K. L. Nash, "Thermodynamic study of the complexation of trivalent actinide and 
lanthanide cations by ADPTZ, a tridentate N-donor ligand," Inorganic Chemistry, 44(5),   
1404-1412 (2005). 
5. L. Petit, C. Adamo, and P. Maldivi, "Toward a clear-cut vision on the origin of 2,6-
di(1,2,4-triazin-3-yl)pyridine selectivity for trivalent actinides: Insights from theory," 
Inorganic Chemistry, 45(21) 8517-8522 (2006). 
6. J. N. Mathur, M.S. Murali, and K.L. Nash, "Actinide Partitioning -- A Review," Solvent 
Extraction and Ion Exchange, 19(3) 357 - 390 (2001). 
7. G. Modolo and S. Nabet, "Thermodynamic study on the synergistic mixture of 
bis(chlorophenyl)dithiophosphinic acid and tris(2-ethylhexyl)phosphate for separation of 
actinides(III) from lanthanides(III)," Solvent Extraction and Ion Exchange, 23, 359-373 
(2005).
8. Y. Zhu, "The separation of americium from light lanthanides by Cyanex 301 extraction," 
Radiochimica Acta, 68(2), 95-98 (1995). 
9. A. Giest, C. Hill, G. Modolo, M. Foreman, M. Weigl, K. Gompper, M. Hudson, "6,6'-
bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-benzo[1,2,4]triazin-3-yl) [2,2']bipyridine, and 
effective extracting agent for the separation of americium(III) and curium(III) from the 
lanthanides. Solvent Extraction and Ion Exchange," 24, 463-483 (2006). 
10. M. P. Jensen, J. V. Beitz, R. D. Rogers, K. L. Nash, "Thermodynamics and hydration of 
the europium complexes of a nitrogen heterocycle methane-1,1-diphosphonic acid," 
Dalton Transactions, 2000, 3058-3064 (2000). 
11. M. G. B. Drew, P. B. Iveson, M. J. Hudson, J. O. Liljenzin, L. Spjuth, P. V. Cordier, A. 
Enarsson, C. Hill, C. Madic, "Separation of americium(III) from europium(III) with 
tridentate heterocyclic nitrogen ligands and crystallographic studies of complexes formed 
by 2,2 ': 6 ',2-terpyridine with the lanthanides," Dalton Transactions, 2000, 821-830 
(2000).
12. Z. Kolarik, U. Mullich, and F. Gassner, "Extraction of Am(III) and Eu(III) nitrates by 
2,6-di-(5,6-dipropyl-1,2,4-triazin-3-yl)pyridines," Solvent Extraction and Ion Exchange, 
17(5), 1155-1170 (1999). 
13. J. Chen, Y. Zhu, and R. Jiao, "The separation of Am from lanthanides by purified Cyanex 
301 extraction," Separation Science and Technology, 31(19) 2723-2731 (1996). 
14. D. R. Peterman, J. R. Klaehn, M. K. Harrup, M. R. Greenhalgh, R. D. Tillotson, T. A. 
Luther,  Submitted to Solvent Extraction and Ion Exchange 2007. 
15. J. R. Klaehn, D. R. Peterman, R. D.Tillotson, T. A. Luther, M. K. Harrup, J. D. Law, L. 
M. Daniels, Inorganic Chimica Acta, Submitted 2007. 
